Abstract. A 280-nucleotide sequence from the capsid-premembrane (C/preM) gene region of 44 Japanese encephalitis (JE) virus strains isolated in Taiwan from mosquitoes from 1983 to 1994, and 3 strains, (Ling [1965], Chang [1965], and HV1 [1958]) isolated from human brain were analyzed by direct sequencing of reverse transcription-polymerase chain reaction (RT-PCR) amplified products and compared with the corresponding sequences of reference strains. The overall sequence homology of the 47 isolates was Ն 93.3%. Taking 12% nucleotide divergence as a cut-off value, all isolates fell into genotype 3, which included strains from Japan, China, the Philippines, Sri Lanka, India, and Nepal. High nucleotide homology was observed among isolates from different regions of Taiwan and different time periods; on the other hand, high variation existed among isolates from the same region and time period. Phylogenetic analysis showed that the 47 Taiwan isolates fell into three clusters. Twenty-five isolates formed cluster 1, 18 isolates cluster 2, and four isolates cluster 3. Isolates in cluster 1 showed greater (Յ 2.9%) intragroup divergence compared to those in cluster 2 (Յ 1.1%) or cluster 3 (Յ 0.7%). The majority of isolates from northern (73.3%) and central (60%) Taiwan belonged to cluster 1, whereas most isolates (66.7%) from southern Taiwan belonged to cluster 2. Comparison with other Asian JE virus strains showed that isolates of cluster 1 were more specific to Taiwan than isolates of cluster 2 and cluster 3.
INTRODUCTION
Japanese encephalitis (JE) virus is an important member of the mostly arthropod-borne Flavivirus genus of the Flaviviridae family which includes two other genera, the Pestivirus genus and the hepatitis C virus genus. 1 Arthropodborne flaviviruses include a positive-sense 11 kilobase (kb) RNA genome that has two short non-coding regions at the 3Ј and 5Ј ends and a cap at 5Ј. It is not polyadenylated at the 3Ј end 2 and there is a single open reading frame (ORF) for a polyprotein. Japanese encephalitis and other members of the flavivirus genus share the genome organization in the order of 5Ј-C/preM-E-NSl-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3Ј. [3] [4] [5] [6] [7] Japanese encephalitis virus is widespread in Asia from Siberia to India. It is transmitted by mosquitoes, and its natural vertebrate hosts are domestic and wild animals and birds. Domestic and migrating birds as well as pigs are effective amplifying hosts, and humans are infected occasionally. Infection by JE virus is a major cause of human encephalitis in Asia, where it is estimated that up to 50,000 cases occur annually. 8 The fatality rate is 20 to 40%. Approximately one-half of survivors, especially young children and those greater than 65 years of age, display persistent neurologic or psychological sequelae. 9 In Taiwan, pigs are likely the major amplifying host as there is a high prevalence of JE virus antibody in swine sera (Wu YC, unpublished data). Japanese encephalitis virus is endemic in Taiwan, although in recent years clinical cases of Japanese encephalitis have decreased dramatically so that only 10 to 20 cases are confirmed annually. The virus is spreading throughout Thailand, Vietnam, Burma, India, Nepal, and Bangladesh. 10 Several vaccines have been developed to control Japanese encephalitis in humans and domestic animals. 11, 12 It is therefore important to examine the genetic diversity of JE virus strains in Asian countries. Chen and others previously reported genetic divergence in the capsid-premembrane (C/ preM) region when 12% variation was used as a cut-off value to categorize isolates into different genotypic groups. 13 This region of the genome exhibits sufficient sequence variability to enable direct comparison of various JE virus isolates. It is characterized by a high number of silent mutations that do not appear to be under selective pressure which would obscure evolutionary relationships among JE virus strains. That and other studies reported the existence of four distinct JE virus genotypes in specific geographic regions of Asia. The data suggested that genetic variation occurred among strains collected at different time periods in the same region. [13] [14] [15] [16] [17] [18] The purpose of the current study was to assess the genetic relationship of JE virus strains isolated in different areas of Taiwan during the period 1983-1994. We examined a 280-nucleotide sequence from the C/preM gene region of the Taiwanese JE virus strains and compared it with those of strains isolated in Asia by direct sequencing of polymerase chain reaction (PCR)-amplified products. 19 
MATERIALS AND METHODS

Cells and viruses.
Aedes albopictus C6/36 cells were grown at 28ЊC in Eagle's minimum essential medium supplemented with 10% fetal calf serum and 0.2 mM non-essential amino acids. 20 The 47 JE virus isolates from Taiwan included in this study are listed in Table 1 . Among these JE virus strains, three were isolated from human brain (Ling and Chang in 1965, and HV1 in 1958) and the other 44 strains were from mosquitoes. Thirteen of the mosquito isolates were isolated from Changhua City (CH) between 1986 and 1992; three from Wufeng Hsiang, Taichung County (CHwf) in 1994; ten from Taishan Hisang, Taipei County (TS) between 1986 and 1992; nine from Chaochou Chen, Pingtung County (CC and PC) between 1983 and 1990; four from Nantun Ch'u, Taichung City (NT) between 1984 and 1985; two from Chun-nan Chen, Miaoli County (CN) in 1985; and three from Peitou Ch'u, Taipei City (TP) between 1991 and 1994. Taishan Hisang (TS), Peitou Ch'u (TP), and Chun-nan Chen (CN) are located in the northern area of Taiwan; Changhua City, Wufeng Hsiang (CH), and Nantun Ch'u (NT) in the central area of Taiwan; and Chaochou Chen (CC and PC) in the southern area of Taiwan (Figure 1 ). Each isolate was passaged one to two times in a monolayer culture of C6/36 cells. Stocks of each virus were also prepared in C6/36 cells and stored at Ϫ70ЊC until use.
Virus propagation and RNA extraction. Subconfluent C6/36 cells in 25-cm 2 plastic flasks were infected with each virus stock, the cultures were incubated for 5 to 7 days, and RNA was prepared from the infected culture fluid by a single-step extraction using a quanidinium thiocyanate and phenol-chloroform mixture as described by Chomczynski and Sacchi. 21 The resulting RNA was dissolved in 20 l of diethyl pyrocarbonate-treated water and stored at Ϫ70ЊC until use.
Amplification of viral RNA and sequencing of the amplified product. First-strand cDNA was obtained by reverse transcription (RT) of approximately 100 ng of viral RNA using 50 pmoles of JE virus-specific anti-genomic primer J51 (5Ј-739 TTGGAATGCCTGGTCCG 721 -3Ј) in RT buffer (50 mM Tris-HCl, pH 8.3; 75 mM KCl; 3 mM MgCl 2; and 10 mM DTT) containing 0.5 mM each of the four deoxynucleotide triphosphates, 40 units of RNAsin (Promega, Madison, WI), and 200 units of Moloney Murine Leukemia Virus Reverse Transcriptase (Gibco-BRL, Life Technologies Inc., Gaithersburg, MD). 22 One-half of the cDNA was then subjected to a 30-cycle amplification (denaturation at 95ЊC for 0.5 min, annealing at 50ЊC for 1 min, and extension at 72ЊC for 1 min) by PCR in PCR buffer [10 mM Tris-HCl, pH 9.0; 7 mM MgCl 2 ; 50 mM KCl; 16 mM (NH 4 ) 2 SO 4 ] with 0.2 mM each of the four deoxynucleotide triphosphates; 50 pmoles each of the genomic-sense J50 primer (5Ј-421 AAGGCTCAATCATGTGG 437 -3Ј) and the anti-genomic sense J51 primer; and 2.5 units of Taq DNA polymerase (HT Biotechnology Ltd, Cambridge, UK). 23 Subsequently, the DNA product was purified by spin column and stored at Ϫ20ЊC until use. Sequencing reactions were carried out on the PCR products by using a thermal cycle sequencing system (fmol, Promega, Madison, WI) with either the genomic-sense JE virus-specific J50 primer or the anti-genomic sense J51 primer. 23 Data analysis. The 280-nucleotide sequence (map number 441-720) from each JE virus isolate was compared with all other isolates for similarity. A phylogenetic tree of virusstrain relationship was generated by pairwise alignment and statistical comparison of nucleotide differences using Lasergene software, MegAlign (DNASTAR Inc., Madison, WI).
RESULTS
Nucleotide sequence analysis of the C/preM region. The 280-nucleotide sequence (position 441-720) in the C/ preM region was generated for each JE virus isolated in Taiwan and compared for similarity. The JaOArS982 strain, which has been completely sequenced, was used as a reference. 24 Thirty-one nucleotide substitutions were found in 31 positions. Of these, 27 were transitions; 19 of these (70.3%) were pyrimidine transitions (C or T substitutions). There were no nucleotide insertions or deletions. Among the 47 isolates, 43 showed a C→T substitution at position 467, 41 a C→T substitution at position 644, and all 47 an A→G substitution at position 443. The Taiwan strains differed from the JaOArS982 strain by 4-11 nucleotides. The GenBank accession numbers for these 47 strains are AF155137, and AF154275 through AF154320. See Table I for isolation history of JE virus strains used in this study.
Amino acid analysis of the C/preM region. Most nucleotide sequence differences in the C/preM region of the Taiwan isolates were located at the third position of the codon and were silent; i.e., among the 31 nucleotide changes, there were only 6 encoded amino acid changes, and these changes were clustered in the C-terminal hydrophobic region of the protein (Figure 2 ). All amino acid substitutions except one were thought to be strain-specific replacements: 22 of the 47 isolates encoded cysteine (C) instead of tyrosine (Y) at amino acid position 124. Amino acid substitutions per isolate compared with the JaOArS982 strain ranged from none to 2.
Phylogenetic analysis of the C/preM region. The relationship of the sequences in the C/preM region of the 47 Taiwan isolates and the reference strains were investigated by pairwise alignment and statistical comparison of nucleotide differences. The Nakayama-NIH, JaGAr-01, and Beijing-1 strains 25 were included as references in addition to the JaOArS982 strain. 24 A phylogenetic tree generated after multiple nucleotide-sequence alignments is shown in Figure 2 . The overall nucleotide sequence homology among the 47 strains was Ն 93.3%. Taking 12% nucleotide divergence as the cut-off value, all Taiwan isolates clustered into one genotypic group. To elucidate this genetic relationship, a phylogenetic analysis was also carried out between Taiwan isolates and other Asian strains. The results showed that Taiwan isolates belonged to the largest genotypic group (Genotype 3) that includes viruses isolated from Japan, China, the Philippines, Sri Lanka, India, and Nepal. 13 The 47 Taiwan JE virus isolates were classified into three clusters based on the dendrogram (Figure 3 ). Cluster 1 included 25 isolates (53.2% of the total) which showed more than 97.3% nucleotide homology. The JaOArS982 strain is closely related to the isolates in this cluster (the nucleotide homology varied from 96.5% to 98.6%). Ten strains in clus-FIGURE 2. A comparison of the deduced amino acid sequences within the C/preM region of Japanese encephalitis (JE) virus strains. Fortyseven JE virus strains isolated in Taiwan during 1958-1994 and 4 reference strains, JaOArS982, Nakayama NIH, Beijing-1, and JaGAr-01 are compared. Strain designations are listed first, followed by the year of isolation. The first and last amino acids characterized are indicated. The one-letter code is used to designate amino acids. The amino acid sequence of the reference strain, JaOArS982, is written in full, while the differences are indicated for the other strains. The N-terminus of the preM protein is indicated by an arrow. ter 1 showed 100% nucleotide sequence homology to each other: four from Taishan Hsiang, Taipei County (TS278-88, TS456-89, TS471-89, and TS632-90); four from Changhua City (CH392-87, CH509-87, CH1130-89, and CH1139-89); one from Chaochou Chen, Pingtung County (PC618-89); and one from Peitou Ch'u, Taipei City (TP57-94). Another group of five isolates also showed perfect homology: three from Changhua City (CH1038-88, CH1636-91, and CH1972-92); one from Wufeng Hsiang, Taichung County (CH2190-94); and one from Taishan Hsiang, Taipei County (TS1035-92). The other ten isolates in cluster 1 included three from Changhua City (CH109-86, CH1082-88, and CH1949-92); two from Taishan Hsiang (TS840-91 and TS847-91); one from Peitou Ch'u (TP20-91); one from Chaochou Chen (CC27-83); and two from Chun-nan Chen, Miaoli county (CN80-85 and CN85-85). Nucleotide sequence divergences between CN80-85 and CH1038-88 or CH2197-94 or TP20-91 as well as between CC27-83 and CH2197-94 or TP20-91, were most distinct among the isolates in cluster 1 (nucleotide divergence was 2.9%).
Cluster 2 included 18 isolates (38.3% of the total) which showed Ն 98.9% nucleotide homology; the JaGAr-01 strain from Japan fell into this cluster. Nucleotide homology between the JaOArS982 strain and isolates of cluster 1 or cluster 2 were similar (96. Chaochou Chen isolate (PC394-88), and two human brain isolates (Ling-65 and Chang-65). Isolates in cluster 3 showed Ն 99.3% nucleotide sequence homology. The Beijing-1 strain from mainland China isolated in 1949 fell into this cluster. 5 Beijing-1, CH1392-90, and Chang-65 strains shared 100% nucleotide homology, while Ling-65 and PC394-88 shared the least nucleotide homology in the cluster (99.3%).
The Nakayama NIH vaccine strain originally isolated in 1935 was classified into another cluster on the dendrogram. The Nakayama strain was closer to the isolates of cluster 3 than to the isolates of cluster 1 and cluster 2. Nucleotide sequence divergence between Nakayama and isolates of cluster 1, cluster 2, and cluster 3 were 6.0-8.4%, 4.4-5.0%, and 2.9-3.3%, respectively.
Comparison with other Asian JE virus strains. Nucleotide sequences in the C/preM region of cluster 1, cluster 2, and cluster 3 isolates were compared with those of isolates from Asia that have been studied previously. [13] [14] [15] [16] [17] [18] Phylogenetic analysis showed that cluster 1 is more specific to Taiwan than cluster 2 and cluster 3. The Japanese virus, JaOArS982, isolated in 1982, was closer to isolates of cluster 1 (homology 96.5-98.6%) than those of the Osaka-79 (homology 95-97.1%), and India 6309-82 (homology 95-96.7%) strains (dendrogram not shown). CC27-83 in cluster 1 was the closest to these three Asian strains. Despite geographical proximity, Taiwan isolates showed only a distant relationship to the Philippine strain, and among the three clusters, isolates of cluster 1 were closest to the Philippine PhAn1242-84 strain. Nucleotide homology between PhAn1242-84 and isolates of cluster 1, cluster 2, and cluster 3 were 94.2-95.4%, 90.8-92.9%, and 89.3-90.3%, respectively.
Among the Asian strains reported, JaGAr-01 from Japan 
DISCUSSION
Japanese encephalitis virus activity is endemic in Taiwan. Although an inactivated mouse-brain vaccine has greatly reduced the incidence of JE, it still poses a public health threat. The disease occurs in almost every area of Taiwan, and the number of serologically confirmed JE cases ranges from 10 to 30 annually. Strain variation among JE virus isolates has been demonstrated by serological tests, [29] [30] [31] nucleotide fingerprinting, 32, 33 and nucleotide sequencing techniques. [13] [14] [15] [16] [17] [18] Primer-extension sequencing of genomic RNA has provided information on the geographic distribution, origin, and evolution of JE viruses. Chen and others found genetic divergence in the C/preM region and arbitrarily chose 12% as a cut-off point to discriminate JE viral isolates into four genotypic groups. [13] [14] [15] [16] [17] [18] In this study, we sequenced the C/preM region of 44 JE virus isolates collected from mosquitoes from the northern, middle, and southern areas of Taiwan during 1983-1994, and three strains isolated from human brain in Taiwan. Nucleotide sequence homologies in the C/ preM region among the isolates were Ն 93.3%. All Taiwan isolates fell into one genotypic group (Genotype 3) that also includes strains from China, Japan, Taiwan, the Philippines, Malaysia, Vietnam, Sri Lanka, India, and Nepal. 13 The Taiwan isolates were classified into three clusters on the dendrogram. Twenty-five isolates formed cluster 1, eighteen cluster 2, and four cluster 3. Isolates in cluster 1 showed more intragroup divergence than those in cluster 2 or cluster 3. Two groups of ten isolates plus an additional five among the isolates in cluster 1, fifteen isolates in cluster 2, and two isolates in cluster 3 showed 100% nucleotide sequence homology in the C/preM region. This demonstrates that similar JE virus strains prevailed in different areas of Taiwan at different time periods. For instance, CH392-87 or a similar strain of cluster 1 has been present in the northern, central, and southern areas for at least eight years; a CH1038-88-like strain of cluster 1 has been prevalent in the northern and central areas for at least seven years; and CC94-84 or a related strain of cluster 2 has been common in the northern, central, and southern areas for at least 11 years. In cluster 2, the CC94-84 and HV1 strains isolated in 1984 and 1958 showed high nucleotide sequence homology (99.6%). In cluster 3, the CH1392-79 and Chang strains isolated in 1979 and 1965 showed 100% sequence homology. It is likely that the CC94-84 strain can be dated back to the HV1-58 strain and the CH1392-79 strain to the Chang-65 strain. These results indicate that the Taiwanese JE virus isolates are genetically stable. On the other hand, significant genetic differences were observed among virus strains circulating in the same area in the same time period. For instance, TS278-88 (cluster 1) and TS283-88 (cluster 2) fell into different clusters but were isolated in the same place on the same day; as were CH1390-90 (cluster 2) and CH1392-90 (cluster 3), and CH2197-94 (cluster 1) and CH2195-94 (cluster 2).
It is notable that 70% of isolates from Taishan Hsiang, Taipei County, and 77% from Changhua City belonged to cluster 1, whereas two-thirds of the isolates from Chaochou Chen, Pingtung County, belonged to cluster 2. Seventy-three percent of the isolates from the northern area, 60% from the central area, and 22.2% from the southern area fell conclusively into cluster 1, whereas 26.7% from the northern area, 35% from the central area, and two-thirds from the southern area were in cluster 2. In general, the majority of isolates from northern and central Taiwan belonged to cluster 1, while those from southern Taiwan belonged to cluster 2 (66.7%). These observations suggest that Taiwan JE virus strains progressively change from cluster 1 to cluster 2 with a north-to-south geographical pattern.
Phylogenetic comparison of Taiwanese JE isolates and Asian strains in the C/preM region showed that isolates of cluster 1 were more distantly related to other Asian strains than isolates of cluster 2 and cluster 3 (i.e., cluster 1 is more specific to Taiwan). On the other hand, isolates of cluster 2 and cluster 3 were closely related to many Asian strains. Isolates of cluster 2 showed a close relationship to the strains from Japan, China (Sian), and India (homology Ն 98.5%), while isolates of cluster 3 were closely related to strains from China (Beijing) and Vietnam. Despite geographical proximity, nucleotide homology between Taiwanese JE virus and Okinawan isolates was lower than that between Taiwanese JE virus and many other Asian strains. Only the Okinawan old group isolated before 1979 showed a close relationship to isolates in cluster 2. The Okinawan new group isolated after 1985 was more closely related to isolates from mainland Japan. 27 In addition, the Philippine PhAn1242-84 strain was distantly related to Taiwanese isolates.
Passerine birds migrate among Japan, Okinawa, and Taiwan, between Korea and Taiwan, as well as between Mainland China and Taiwan, and are effective amplifying hosts of JE virus. Therefore, the results of this study imply that some of the Japanese encephalitis virus strains circulating in Taiwan may be related to the movement of people rather than the migration of such birds. For example, there was a massive migration of people from Mainland China to Taiwan in 1949 and also during the occupation of Taiwan by Japan from 1895 to 1945 when many Japanese people migrated to Taiwan.
